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Abstract  
In this review the phenomenon of ultrasonic cavitation and associated sonochemistry 
is presented through system parameters. Primary parameters are defined and 
considered, namely; pressure amplitude, frequency and reactor design; including 
transducer type, signal type, vessel-transducer ratio, liquid flow, liquid height, liquid 
temperature and the presence of a reflective plate. Secondary parameters are similarly 
characterised and involve the use of gas and liquid additives to influence the chemical 
and physical environments. Each of the parameters are considered in terms of their 
effect on bubble characteristics and subsequent impact on sonochemical activity. 
Evidence suggests that via parametric variation, the reaction products and efficiency 
may be controlled. This is hypothesised to occur through manipulation of the 
structural stability of the bubble. 
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1. Introduction 
Ultrasound, a sound field with frequency greater than ~20 kHz, has a plethora of applications in 
several actively researched areas. These include, but are not limited to, structural testing of materials 
[1, 2], underwater ranging and transmissions [3, 4], imaging and acoustic microscopy [5, 6], medical 
treatment [7-9], materials processing [10-13], cleaning [14] and more recently, wireless 
communications [15]. When ultrasound is incident upon a liquid it can facilitate the breaking of 
chemical bonds via the process of sonolysis, resulting in the formation of free radicals. The 
mechanisms of sonolysis include nucleation, cavitation, bubble dynamics / interactions, 
thermodynamic and chemical processes [16-18]. This process is useful for significantly increasing 
stoichiometric and catalytic chemical reactions [19], waste water treatment including degradation of 
organic pollutants [20], destruction of pharmaceutical waste [21], synthesis of nanomaterials and 
biomaterials [22] and potentially represents a method of production of fuels such as ethane, ethylene 
and acetylene [23]. 
However, ultrasound has an inherent problem of achieving an efficient process. This is due to 
inefficient energy transfer via impedance and secondary effects such as streaming, sound field 
attenuation, heating, bulk mixing, emitter erosion and sound emission [24]. The purpose of this 
review is to discuss the parameters that influence sonochemical reactions and consider how they may 
be implemented to achieve systematic optimisation. Particular attention is given to the effects of 
chemicals, changes in gas atmospheres and parameters that influence bubble surface instabilities.  
2. Theoretical Background 
Upon the application of ultrasound to a liquid, cavities are formed via nucleation that originate from 
pre-existing bubbles in the solution, stabilised against dissolution due to surface properties [25]. 
Nucleation sites may be found throughout the solution or at crevices on solid impurities (motes) or 
surfaces [25]. Following nucleation are cycles of oscillation; the sound field causing the liquid to 
experience cycles of high or positive pressure (compression) and low or negative pressure 
(rarefaction). The bubbles are also subject to these changes; the high pressure forcing the bubble to 
contract, the low pressure forcing the bubble to expand [25]. Since mass transport in and out of the 
bubble is dependent on the surface area, more ‘material’ will diffuse into the bubble than will diffuse 
out during the compression and rarefaction cycles. This is due to an increase in surface area during a 
long bubble expansion time compared to a decrease in surface area during rapid compression, hence 
overall cyclic growth occurs. [26, 27]. Since the bubble reaches a relatively large radius on expansion 
the collapse upon pressure change occurs very quickly and violently [28]. The diffusion rate is 
proportional to the gradient of concentration of dissolved gas localised around the bubble, described 
by Crum as a ‘shell’ effect [27]. On expansion, a liquid shell surrounding the bubble may be 
envisaged that becomes thinner and gas will be concentrated in this region. At the same time, inside 
the bubble the concentration decreases due to expansion.  This change in concentration gradient 
causes the rate of diffusion from the shell into the bubble to occur more readily. On contraction, the 
shell becomes thicker and less concentrated, whilst the concentration in the bubble increases, 
therefore the diffusion does not readily occur. Hence the pressure induced oscillation cycles cause an 
overall growth in bubble size, generally known as growth by rectified diffusion.  
If bubbles are below a critical size they are known to dissolve due to Laplace pressure in the bubble 
and as a consequence of surface tension [27]. However, if above critical size they resist dissolution 
and the size of the bubbles determines their position within the sound field. Small bubbles can move 
towards the pressure antinode via the primary Bjerknes force where they may grow to active 
(chemically producing) size through diffusion or coalescence [29-31]. If growth causes the bubbles to 
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be of a size greater than the resonance size (a size at which they expand dramatically and are able to 
repeatedly oscillate with pressure change) they will oscillate out of phase, move towards the nodes 
and become inactive due to the reduction in pressure variance [30]. These inactive bubbles are often 
referred to as degas bubbles and can oscillate at their natural frequency, without fragmentation [32]. 
Degas bubbles move to the surface of the liquid via buoyancy and the radiation force resulting in a 
reduction of gas in the fluid [25]. 
It should also be noted the role of the secondary Bjerknes force in the coalescence of neighbouring 
bubbles; bubbles of differing size will repel due to out of phase oscillation, bubbles of the same size 
will attract due to in-phase oscillation [25, 33, 34]. Kirkpatrick and Lockett studied the relationship 
between approach velocity and coalescence in the absence of ultrasound and considered that there are 
two competing effects [35]. An increased pressing between two bubbles causes film drainage 
(thinning) aiding coalescence, but an associated increase in the rate of contact area was found to 
circumvent the thinning effect. For higher approach velocities the rupture threshold may not be 
reached and the strain energy can reverse the bubble motion (rebound) and the film begins to thicken. 
At low approach velocities the rate of increase in contact area is slow enough to allow drainage and 
rupture [36]. In general, in the presence of ultrasound, an increase in frequency (at high frequencies) 
and the acoustic pressure increases the secondary Bjerknes force and the approach velocity [37]. 
Therefore at some point rebound will be more favourable as opposed to coalescence. However, 
coalescence is also influenced by the applied ultrasonic frequency that determines the time period 
available for it to occur [38, 39]. If the pressure amplitude has sufficient intensity and the sound field 
nears the resonance frequency, bubbles of similar size have been observed not to coalesce or rebound, 
remaining in contact and side by side [34]. In cases where there are surface-active materials in the 
liquid the thinning of the bubble wall may be controlled by viscous forces and not inertial forces as 
previously described. This is due to reduction in the mobility of the bubble surface and a surface 
concentration gradient that exists as two bubbles coalesce [40, 41]. Coalescence, in addition to 
rectified diffusion, represents another means of bubble growth and thus at high frequencies can be 
beneficial in producing bubbles of active size [42]. Rectified diffusion and coalescence may occur in 
approximately equal proportions and are important to consider when evaluating overall parametric 
effects in an ultrasonic system [43].   
Two types of cavitation are generally considered; stable (or non-inertial) cavitation bubbles last over 
many cycles and may be considered weakly and symmetrically oscillating [43-45]. Transient (or 
inertial) cavitation bubbles grow extensively over a few cycles until the energy from the ultrasound 
can no longer be absorbed, then the forces acting on the bubble dominate causing instability and 
violent collapse. This in turn can lead to fragmentation into smaller bubbles that may repeat the 
process or dissolve [32, 46-50]. Accordingly, the concept has been visualised as ‘dancing bubbles’ as, 
upon fragmentation, a larger bubble ejects tiny bubbles and can be seen to dance by counteraction [51, 
52]. Neppiras presented calculations for the threshold for the emission of these bubbles (often termed 
microbubbles) that were four times the threshold for bubble surface instabilities [53]. This would 
indicate that transient bubbles must become very unstable at their surface in order for fragmentation to 
occur [50].  
Surface instabilities have been studied by several authors who theorise that they perpetuate in defined 
modes of vibration [54-58]. Further, the surface instabilities of a bubble have been said to be strongly 
coupled to bubble oscillations and translational motion [53, 59, 60]. In this regard they are often 
referred to as surface oscillations or surface waves [53, 61]. In this review it is acknowledged that 
surface oscillations at specific modes of excitation do occur, but for consistency the term surface 
instabilities is used to encapsulate the phenomena. Parameters which induce changes in bubble 
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oscillation may have a direct impact on fragmentation via surface instabilities. This is because there is 
a clear association between the degree of translational motion (caused by surface instabilities) and 
fragmentation [50]. It is generally accepted that fragmentation is the reason transient cavities are the 
ones that contribute significantly to sonochemical effects [32, 53, 62, 63]. This is because the smaller 
bubbles, upon dissolution, give opportunity for more disassociated gas products to interact in the 
liquid and at the bubble surface. The two main types of cavitation have been characterised by 
Leighton as fragmentary transient cavitation (now more commonly referred to as transient cavitation) 
and repetitive transient cavitation (high-energy stable cavitation) [25]. The former allows for new 
bubbles to be produced via fragmentation while the latter can remain stable and oscillate for hundreds 
of oscillation periods [44, 64]. With regards to the term ‘transient’, it is important to differentiate 
between two phenomena; an initial response to the applied ultrasound in which the bubble 
experiences a sudden change of state (to non-steady) which can result in large volume pulsations, or 
in the instance of the recent discussion, cavities that have a finite lifetime [25, 65]. 
The bubble size during cavitation is generally dependent on the pressure amplitude and frequency. 
However, to give perspective, during sonoluminescence several authors comment upon an equilibrium 
radius, R0  ~4 - 5 µm, growth to a maximum radius of 10R0 ~40 - 50 µm and collapse to a minimum 
radius of R0/10 ~0.4 - 0.5 µm [66-68]. The extremely rapid collapse precipitates almost adiabatic 
heating of the bubble contents due to negligible (if any) heat transfer to the bulk solution [66]. Since 
the surrounding liquid is cool the heat is highly localised to a ‘hot-spot’ that can reach temperatures 
and pressures of around 5000 K and 1000 bar respectively [19, 69]. The speed of collapse is apparent, 
observed at speeds above ~1360 m/s for a single sonoluminescing bubble [70]. Estimates for a 
multibubble system based on a variety of techniques place intra-bubble temperatures between 750 and 
6000 K [43, 71-76]. The bubble temperature has been considered as a time and volume averaged 
temperature responsible for chemical reactions and a peak temperature associated with 
sonoluminescence [77].  However experimental evidence has also shown that an inverse relationship 
exists between the thermal conductivity of the gas and the measured sonoluminescence, which should 
not be apparent in an adiabatic process [78]. Gompf et al. observed that the sonoluminescence pulse 
width was identical in the red and UV part of the spectrum [79]. This would be inconsistent with an 
adiabatic compression model where the pulse width would be much larger in the red than the UV part 
of the spectrum.  
Recent spectroscopic studies have shown a more complex situation with non-equilibrium plasma 
formation in the form of excited •OH radicals in different energy states [80]. In this instance the 
electron temperature (Te) is much greater than the vibrational (Tv), rotational (Tr) and translational 
(Tg) temperatures in the order Te > Tv > Tr ≈ Tg [81]. This moves away from an adiabatic model and 
indicates that, rather than considering the effects of temperature inside the bubble from the viewpoint 
of a single value, there is in fact a multi-temperature environment governed by differing particle 
energies and degrees of freedom. It was found that gas temperatures inside the bubble are much lower 
than electron temperatures and do not account for observed emissions. Lower ionisation potentials of 
the gas provide an increase in electron temperature concurrent with obtained spectra which supports 
formation of a non-equilibrium plasma [82]. 
A higher bubble temperature does not necessitate an increase in sonochemical activity; the 
experimentally determined temperature of the highly chemically active bubble surface region is lower 
than that of the interior of the bubble having a value of around 1900 K [73]. It should be noted that 
this temperature was determined using n-alkane solutions of metal carbonyls; reaction rates were 
determined and comparative rate thermometry used in approximating the temperatures involved. In 
another study that used ultrasound to degrade aqueous p-nitrophenol solutions the interface region 
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was the location of high temperature carbon nitrogen bond cleavage and radical production [83]. The 
effective temperatures for this process were suggested to be near to 900 K. Sufficiently high 
temperatures can destroy chemically active components within the bubble. This is concurrent with 
temperature dependant determination of an ionisation or disassociation process, which in turn can 
govern the number of reactive species produced [17, 25, 82, 84, 85]. For a multibubble 
sonoluminescence system the pressure inside the bubbles has been estimated to be in the order of 300 
bar in argon saturated silicone oil, consistent with adiabatic compression [86]. For high energy stable 
cavitation a maximum pressure of 100 bar has been given with transient cavitation suggested to result 
in much higher pressures from 1000 to 70000 bar dependent upon applied pressure amplitude and 
frequency [87]. The high local temperatures and pressures achieved are said to provide effective 
means of driving chemical reactions under extreme conditions [16].  
Disassociated products within the bubble, identified via spin trapping methods [88, 89], are radicals 
that interact and initiate chemical reactions. The majority of radicals produced within a repetitive 
transient bubble are confined (without fragmentation) to the bubble interior by the bubble surface 
[62]. However, some direct diffusion of highly soluble products from the bubble can occur [52]. The 
maximum lifetime of a bubble in a multibubble environment has been found to range from 0.35 ± 
0.05 ms in a 213 kHz field and 0.10 ± 0.05 ms in a 1062 kHz field [90]. If the lifetime of active 
bubbles is shorter than the lifetime of the radicals produced, then the radicals are released into the 
liquid (via fragmentation or dissolution) where they may trigger chemical reactions [91-93]. If the 
bubble lifetime is longer than the radicals’ lifetimes, then they will mainly recombine and there will 
be fewer reactions occurring within the solution [94]. This introduces frequency dependence for 
reaction pathways (discussed further in Section 3.2.). If the solution is water, a redox reaction occurs 
where •H  and •OH  radicals are produced inside the compressed bubble due to disassociation of the 
H2O vapour [32, 95]. These radicals may then recombine and form H2O2, while •H can react with 
oxygen to form HO•  [96, 97]. In fact, Yasui et al. for an air bubble consider 93 chemical oxidation 
and reduction reactions that involve the initiating species N2, O2 and H2O [98]. Of these, Gong et al. 
have summarised seven primary reaction mechanisms (1) - (7) [96]. 
 
 	 ↔  ∙ 	+	 ∙  (1) 
  ∙ 	+	 ∙	↔  (2) 
 ∙ 	 +	∙ 	 ↔ 		 (3) 
  ∙	+		 ↔ 
∙
 
(4) 
  ∙	+	 ↔	 (5) 
 
∙ 	+ 	
∙ 	↔ 	 +  (6) 
  ∙	+	 ∙ 	 ↔	 + ∙ (7) 
 
The reactions are often described as an advanced oxidation process (AOP) based on a method of 
accelerated oxidation due to generation of oxidative species, particularly •OH and HO•  and H2O2 as a 
secondary product of radical combination [99]. The number of radicals formed via oxidisation is often 
referred to as the sonochemical yield, though dosimetric measurements are generally based on the 
measurement of the hydroxyl radical formation [100].  
Although there are several studies, there is general uncertainty concerning the prevalence of these 
reactions and some question (dependant on the individual sonochemical system) if some occur at all. 
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This could be due to the bubbles size and the time permitted for reactions to occur inside and outside 
the bubble i.e. a frequency based oscillation period determination. It may also be a question of 
temperatures achieved and reaction location. For a bubble with high water vapour content the main 
oxidant is •OH, however in bubbles with less water content, temperature dependence becomes 
apparent. When the bubble temperature is in the range of 4000 – 6500 K, H2O2 is the dominant 
product, whilst above ~6500K it is the O atom [101]. There are three reaction sites in sonochemical 
experiments; the gas phase region inside the bubble (pyrolysis reactions), the bubble surface 
(reactions occurring in pressure temperature gradients) and the bulk solution [100, 102-104]. Mason 
suggested a fourth site originating from a two site model that considers a liquid phase surrounding the 
hot bubble, that can either be a heated shell of liquid around the collapsing bubble or liquid droplets 
injected into the bubble by instabilities at the surface [100]. Of these sites the interfacial region is the 
greatest area of •OH population and recombination [20, 30, 105-110]. Merouani et al. through 
numerical simulation determined that of the numerous products, H2 occurred most abundantly and 
more readily in the gas phase via reaction (8) [111]. 
 
 ∙  +	∙  ↔	 	+ 	 (8) 
 
Indeed, all sites to varying extents may play some role, particularly in terms of vapour pressure; high 
vapour pressure solutes will more readily enter the gas phase whilst those with lower values may react 
at the bubble surface or in the bulk solution [112].  
Scavenging of radicals can also alter reaction pathways, for example, if •OH is scavenged then the 
formation of H2O2 will decrease [18]. This may occur particularly in the presence of hydrophobic 
solutes which tend to the bubble surface and scavenge •OH radicals [113].  Sonication in gas 
atmospheres, such as oxygen, can cause radical scavenging with O2 reacting with •H to produce HO•  
[23]. Gas atmospheres are further considered in this regard in Section 4.3. 
The population of bubble types (transient or stable cavitation) is dependent upon the parameters that 
influence bubble surface instability. Therefore by controlling this phenomenon it is possible to control 
the sonochemical activity taking place. Several authors indirectly or directly have altered 
sonochemical effects through bubble surface instabilities, although it was not the primary focus of 
their work [51, 69, 114-117]. Bubble surface instabilities may be seen as unwanted due to asymmetric 
collapse which can reduce the temperatures and pressures achieved, however the required pressures 
and temperatures for disassociation can still be readily achievable in a transient cavitation field [69]. 
In addition, sonoluminescence which increases with increased bubble stability and higher interior 
bubble temperatures is still observed when shape instabilities are apparent [66, 118-120]. Since 
unstable bubbles are capable of instigating sonochemical reactions and offer a possible mechanism to 
define sonochemical activity, the mechanisms of bubble surface instabilities and their effect on 
sonochemistry is considered in the continuation of this review.  
3. Primary Parameters 
In this section three fundamental parameters are defined: pressure amplitude, frequency and reactor 
design. The term ‘primary’ may be attributed to these parameters as they provide a base to establish 
the working design of a sonochemical system.  
3.1. Pressure Amplitude  
In general an increase in pressure amplitude will relate directly to the power transferred to the liquid 
and, up to a point, increase the number of cavitation bubbles, the temperature of collapse and the 
  
A Parametric Review of Sonochemistry 
8 
 
sonochemical yield [16, 95, 121]. There are upper and lower limits of pressure amplitude to the 
cavitation threshold [16]. Above the upper limit, coalescence and degassing occurs with limited active 
cavitation. Below the lower limit the amplitude of the sound field is to be too small to induce 
nucleation or bubble growth; bubbles more readily succumb to surface tension effects and dissolve, 
again resulting in limited active cavitation [122]. Between these limits, pressure amplitude impacts on 
both the magnitude of the collapse, bubble oscillation and bubble surface stability. Higher pressure 
amplitudes result in bubbles of larger size and the compression and rarefaction force increases. The 
collapse is more violent and can lead to increased temperatures and associated increase in 
disassociation or ionisation of the gas [122, 123]. The non-linear bubble and bubble surface 
oscillations related to high pressure amplitudes can cause bubbles to fragment producing new bubbles 
that can contribute to sonochemical activity [57, 124-128].  
An increase in pressure amplitude effects bubble agglomeration, with an increase in field strength and 
an associated ‘lock-in-place’ effect on bubbles at the antinodes [122]. Therefore shrouds of bubbles 
may form at antinode regions or at the radiating surface that diminishes the penetration of the 
ultrasound causing an effective reduction in pressure amplitude and energy transfer efficiency [16]. 
Additionally, nonlinear oscillation increases with amplitude and these bubbles can form adjacent 
stably positioned pairs. Thus, rather than coalescing they cluster and accumulate in groups [129-132]. 
At higher pressures, the primary and secondary Bjerknes’ forces increases and bubbles experience an 
increased driving force towards one another [133]. Bubble coalescence can also increase with 
pressure amplitude because of a rise in approach velocity [134]. This is only true up to the point 
where the rate of film drainage between bubbles in contact starts to decrease, upon which there is rise 
in critical thickness for rupture to take place and rebound is more likely to occur [35]. A further 
consideration is that an increase in pressure amplitude causes increased propagation of bubble-bubble 
oscillation and consequently the bubbles influence each other at increased distances [134].  
Bubble motion, agglomeration and coalescence are also affected by quasi acoustic and acoustic 
streaming, influenced by pressure magnitude [128, 135]. Quasi acoustic streaming is caused by 
attenuation of the sound field, often influenced by the presence of bubbles causing the formation of an 
energy gradient in the direction of the fields propagation [135]. The radiation pressure as a result 
causes motion of the bubbles and an associated macroscopic flow (due to bubble motion and viscosity 
of the solution) in that direction [136-138]. Aside from influencing bubble dynamics, quasi acoustic 
streaming also reduces the degree of reflection of the sound field and distorts the standing wave 
component [117]. Acoustic streaming (also known as microstreaming) occurs near the individual 
bubbles and is due to power dissipation of the acoustic energy with influence from mass transfer and 
bubble surface instabilities [135, 139-142]. Any bubble deformation tending away from asymmetry 
causes translational motion, thus, where surface instabilities occur, acoustic streaming will be present 
[57, 143, 144]. In the absence of bubbles acoustic streaming can still occur due to the viscosity of the 
fluid, this is then further influenced by any fluid motion or acoustic nonlinearity [145]. Bubble surface 
motion in the vicinity of a boundary or hard surface causes the formation of microjets [146]. Microjets 
are high speed liquid jets that propagate from the proximal side of the bubble towards the nearby 
surface [147]. They are produced due to asymmetry of flow between the bubble and the hard surface 
which causes bubble surface instabilities and non-spherical collapse [16, 148].  
In terms of sonochemical reactions the pressure amplitude has been shown to be influential with 
higher powers delivering an increase in the number of active cavitation bubbles [121]. However, 
although there is an increase in sonochemical yield at higher powers, there is a limit for excessive 
powers where there is a decrease in the number of active bubbles per unit volume [149]. This can be 
attributed an increase in bubble coalescence and degassing at higher powers. Rooze et al. took the 
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oxidation efficiency of potassium iodide to be the amount of I produced divided by the ultrasonic 
power [150]. Using low powers (1 - 6 W) they showed that at low frequencies (20, 41 and 61 kHz) the 
efficiency increased as a function of acoustic pressure. Henglein et al. considered higher powers at 
800 kHz and found sonochemical yields increased up to a maximum at around 100 W and then 
decreased with further power increase [117]. The group also measured a decrease in the dissolved gas 
content as a function of pressure amplitude up to around 100 W. Above 100 W there was an increase 
in gas content due to agitation of the liquid, attributed to (quasi) acoustic streaming at high 
frequencies which was furthered by the use of higher acoustic pressures [117]. Therefore, reduction in 
sonochemical yield at excessively high acoustic pressures may be attributed not only to coalescence 
and degassing but also to the effects of increasing liquid agitation. 
High pressure amplitudes increase the number of cavities available and these will experience high 
levels of structural instability due to increase in the force of collapse. Concurrently, due to bubble 
oscillation and surface instabilities, associated acoustic streaming can occur. The resulting 
translational and cavitational motion is further acted upon by the energy gradient of the sound field 
and facilitates quasi acoustic streaming which is increased with pressure amplitude. This can cause 
motion of the bubbles that reduces coalescence, increases bubble instabilities and augments rectified 
diffusion of species into the bubble. However, at very high powers, coalescence may still readily 
occur due to agglomeration in antinode regions with increased strength stability of the field. This 
agglomeration can attenuate the sound field and reduce its effectiveness. An increase in bubble size 
and the secondary Bjerknes force with pressure increase may also contribute to further coalescence. In 
summary, the effect of increasing pressure amplitude is to force bubbles into a structured positional 
and oscillatory regime which up to a point presents a mechanism for increased sonochemical activity. 
3.2. Frequency 
The frequency of the sound field influences the bubble population with respect to the number of 
bubbles, bubble size, distribution of bubbles and the amount of chemical activity. All these things are 
dependent on the reactor geometry, ambient pressure, and temperature, viscosity and gas composition 
of the liquid [42]. In general, higher frequencies will result in increased nucleation and production of 
bubbles that are comparatively small in size [106, 151-153]. This is because the resonance size of a 
bubble is inversely related to the applied frequency [25]. As frequency increases, the amount of 
vapour entering the bubble decreases due to the reduction in its expansion phase [32]. This increased 
rate of oscillation and reduction in growth per cycle allows small bubbles in steps to reach resonance 
size more efficiently than lower frequencies (under 100 kHz) where the bubbles have relatively long 
growth periods [42, 69]. It should be considered however that the cavitation threshold is increased at 
higher frequencies and as such higher powers are required to induce cavitation [154, 155].  
A sound field consists of both standing and travelling wave components, with optimisation of 
sonochemical yields observed in the presence of travelling waves [42, 44, 156]. These waves are often 
referred to as a (quasi) acoustic streaming phenomenon with flow associated with the travelling part 
of the sound field [145, 157]. The ratio between standing and travelling waves changes as a function 
of frequency with travelling waves dominating at high frequencies [44, 156]. The frequency 
dependence of the nature of the bubbles, transient or repetitive transient, is difficult to define as it is 
reliant not only on the frequency but also the power and type of transducer (and transducer 
configuration) used [47]. This is discussed further in Section 3.3.1. Since sonochemical yields have 
been seen to increase during transient cavitation, the presence of travelling waves can increase 
sonochemical activity [42]. The effect of frequency on coalescence can also be considered in terms of 
its effect on bubble size. At low frequencies, coalescence causes bubbles to grow into larger degas 
bubbles, whereas at high frequencies, coalescence allows small inactive bubbles to grow to active 
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bubble size [158]. At higher frequencies there will be a reduction in the distance between antinode 
regions which can contribute to an increase in coalescence [159]. Additionally, at higher frequencies, 
the small bubbles in solution are closer to the resonance size, which induces a greater secondary 
Bjerknes force between them which can lead to coalescence [37]. But this force is proportional to the 
volume change and since bubble size decreases with increasing frequency, there will be a smaller 
volume change and the force will decrease, decreasing coalescence [160]. It has been shown for a two 
bubble system, that frequencies of 80 kHz and 100 kHz have similar approach velocities but for 
bubbles in lower frequencies it decreases [37]. Also, smaller bubbles have a shorter film drainage time 
which increases the likelihood of coalescence compared to larger bubbles [161]. Therefore, 
coalescence needs to be considered at low frequencies due to increased bubble size and high 
frequencies due to increase in the secondary Bjerknes force and reduction in drainage time [161-163].  
An increase in the number of active bubbles and reactive species with an increase in frequency has 
been widely observed [42, 106, 121, 164]. At higher frequencies, collapse and fragmentation occurs 
more quickly due to a decrease in the oscillation period, thus more fragmentation bubbles are 
produced over a shorter space of time that can then grow to become active [106]. This could be a 
result of bubble surface instabilities which have been calculated to occur more readily in the presence 
of travelling waves that are inherent at high frequencies [165]. The surface-to-volume ratio at higher 
frequencies also increases and this leads to increased diffusion and sonochemical reactions [166]. 
However, at higher frequencies bubbles are smaller in size and more stabilised against fragmentation. 
Frequency also determines reaction pathways within the bubble. At lower frequencies, radicals inside 
the bubbles have more time to follow pathways analogous to flame reactions, whereas at high 
frequencies, diffusion into the bulk solution increases and more hydroxyl radicals are released into the 
liquid [167]. Spectral emissions from multibubble sonoluminescence in argon atmosphere have shown 
that vibrational excitations of the plasma inside the bubble can change with frequency [81]. A 
disparity in the population of vibrational levels can have significant effects on the reactions taking 
place for several sonochemical systems [80]. As frequency is increased bubbles experience a shorter 
growth time and sonochemical yield decreases as observed between 585 and 1140 kHz [106]. It has 
been shown that, for sonochemical yield, mid-range frequencies ~300 - 500 kHz are those that are 
most productive [69, 121, 167, 168], although some authors suggest values closer to 1 MHz [42, 169]. 
Characterisation of these types of results is often considered from the viewpoint of bubble size rather 
than applied frequency and, as discussed, the size of bubbles is also dependent upon the pressure 
amplitude [152, 170]. This demonstrates the difficulty in a generalisation of results, with additional 
dependencies on other parameters, as discussed in this review. However, there is a general upper limit 
at higher applied frequency for which active cavitation decreases. If the bubbles are not of sufficient 
size then the severity of collapse will be limited and fewer radicals will be produced [25].  
The influence of frequency on bubble surface instabilities and association with the degree of 
sonochemistry can be inferred by consideration of two limits. At low frequencies, bubbles will be 
larger, collapse vigorously and more readily demonstrate surface instability.  However, at lower 
frequencies there is also increased coalescence due to increased bubble size. At high frequencies, 
antinode regions are closer to one another which can lead to an increase in coalescence. However, the 
bubbles are smaller and will be subject to more intense quasi acoustic streaming which can cause 
nonlinearity of bubble motion and instigate surface instabilities. Furthermore, at higher frequencies 
there is a reduction in the production of reactive species due to shorter growth time and reduction in 
collapse intensity. Therefore, in line with observations that mid-range frequencies further 
sonochemical activity, it is suggested that bubble surface instability effects become more apparent 
between an upper and lower frequency limit.  
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3.3. Reactor Design and Operating Parameters  
The distribution and type of active bubbles is dependent on numerous system design parameters 
including; transducer and signal type, geometry of vessel, artificial or intrinsic (acoustic / quasi 
acoustic streaming) flow, liquid height and the presence of an extended surface in or at the liquid 
surface.  
3.3.1. Transducer Type 
The type of transducer used to sonicate a liquid will determine the nature of cavitation for different 
frequencies and pressure amplitudes. Areas of active bubble congregation are localised in standing 
wave formations for plate type transducers or in regions of high energy density for horn type 
transducers [44].  
In consideration of travelling and standing waves, a plate transducer at low frequencies will produce 
primarily stable transient cavitation due to standing wave formation, placing active bubbles at the 
antinodes [44]. At high frequencies the standing wave becomes attenuated and the travelling wave 
component increases. This causes cavitation bubbles to be forced in the direction of the propagating 
wave towards the liquid surface via quasi acoustic streaming, where they are trapped in standing 
waves [44, 163]. Standing wave formation occurs at the surface of the liquid due to a high 
concentration of bubbles in that region reducing the intensity of the travelling wave component [25]. 
In this groups’ previous work it was postulated that mid to high frequencies of 376, 995 and 1179 kHz 
for a plate transducer increased transient cavitation due to a travelling wave dominant field [42]. 
Others have observed that there is a change in the nature of the bubbles from transient to high energy 
stable bubbles below frequencies of 200 kHz [47]. However these results can be entirely dependent on 
the system, stable bubbles that produce an increase in sonoluminescence have been reported at a 
frequency of 515 kHz [48].  
An ultrasonic horn operating at 20 kHz consists of both travelling and standing waves [171]. There is 
a limited conical active cavitation zone near the horn tip due to the high energy density delivered at 
that point as opposed to the plate transducer which delivers the ultrasonic wave more diffusely [43, 
99, 150]. A thin layer of bubbles is formed at the horn surface which impedes the sound field’s 
propagation and causes a reduction in pressure amplitude beyond its formation. This has been 
confirmed with measurements of pressure amplitude when the bubble layer is the size of an acoustic 
half wavelength, in this instance the impedance suddenly drops [138]. It has been suggested that 
travelling waves are more prevalent for the horn and that transient bubbles dominate [44, 48].  
An ultrasound horn that operates at low frequency produces primarily travelling waves, and is 
beneficial in creating larger bubbles that collapse violently and are unstable in nature. This contributes 
to both to an increase in radical production and bubble instability. However, there can also be 
increased impedance due to bubble agglomeration at the tips surface and, as such, can be an 
inefficient method of achieving sonochemical reactions. Conversely, a plate transducer operating at 
high frequency may be advantageous with quasi acoustic streaming and radiation forces causing 
increased motion of the bubbles and active cavitation occurring in standing waves at the surface. 
Quasi acoustic streaming hinders coalescence, and increases the rate of growth and mass transfer that 
contributes to further instability and fragmentation. 
3.3.2. Signal Type 
Pulsed, sweeping or bi-modal signals can increase active cavitation compared to continuous wave 
output [117, 171-180]. Continuous wave ultrasound becomes inefficient due to limited spatial 
distribution, coalescence-induced loss of applied pressure amplitude and bubble growth beyond the 
region of active cavitation [172]. Pulsed wave ultrasound has been shown to increase the 
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sonochemically active region, the degree of sonochemistry and reduce bubble growth (and associated 
degassing) [175, 176, 178]. Pulsed wave ultrasound consists of a power on time, PONT and a power 
off time, POFFT. Generally, it is based on a critical POFFT at which the desired effects (for example, 
sonoluminescence or sonochemical activity) begin to reduce and is in the range of tens to hundreds of 
milliseconds depending on the frequency used [175]. The shorter PONT the shorter the lifetime of the 
active bubbles once the signal is switched off. That is, if PONT is short enough a bubble may dissolve 
completely during POFFT before the next PONT pulse, or subsequent PONT pulses may not cause 
remaining bubbles to become active [117, 176, 179]. Conversely, a longer PONT time can result in the 
bubbles becoming too large to dissolve to an active size during POFFT. This may cause bubbles to 
become inactive degas bubbles primarily via coalescence [176, 181]. A PONT can be chosen such that 
more bubbles become active during successive pulses and there can be a substantial increase in radical 
production [178]. In the POFFT phase there is a clear decrease in bubble volume due to the action of 
surface tension. However the bubbles may not completely dissolve or become inactive during this 
phase, this is due to residual pressure amplitude greater than the cavitation threshold which is said to 
remain during a short POFFT [172, 176, 179]. If a POFFT is chosen that gives large inactive bubbles 
chance to dissolve to an active size there are two benefits; firstly, the bubbles are now active and 
secondly, a reduction in bubble size may cause a decrease in coalescence and inhibition of the 
generation of degas bubbles [172, 182]. Therefore, by choosing the correct PONT to POFFT ratio, the 
lifetime of the bubbles’ activity can be increased [174]. 
Results include an observed five-fold increase in  sonochemical efficiency and three-fold increase in 
the oxidation of potassium iodide with appropriate PONT to POFFT ratios [172, 178]. The increase in 
sonochemical activity may be due to the conditions at the start of sonication which deliver increased 
violent volume pulsations of the bubbles, therefore, repeated pulsing of this period can result in 
increased disassociation inside the bubble and aid in fragmentation [65, 179]. This is especially true of 
large degas bubbles that can be forced to fragment and produce new bubbles that may continue the 
cavitation cycle [176]. Also, several authors have suggested a pulsed signal causes bubbles to move 
away from one another and / or cause migration from antinodes, reducing coalescence, preventing 
reduction in the pressure amplitude and facilitating an increase in the area of active cavitation area 
[23, 175, 178, 183].  
Frequency sweeping has seen both positive and negative effects on sonochemical activity. Using high 
intensity focussed ultrasound (HIFU) and frequency mixing, 3.5 MHz pulses were applied to a 250 
kHz continuous wave [184]. During the sweep from 250 to 290 kHz there was reduction in the active 
bubble population, proposing that a bubble cannot readily enter active oscillation and frequency 
sweeping resulting in less violent collapse. Further research has shown that sweeping upward 
(positive) or downward (negative) frequency from 3.6 MHz to lower and upper limits of 3.4 and 3.8 
MHz is able to both quench and enhance inertial cavitation respectively i.e. a negative sweep 
increasing sonochemical yield [173]. In these results it was suggested that the effects are due to the 
variations in resonance bubble size which changes with frequency. 
Another method of frequency utilisation is a dual frequency (or bi-modal) signal. This was observed 
to significantly increase sonoluminescence intensity due to bubble oscillation entering a regime 
inaccessible to single frequency driving. This resulted in a change in the active bubble population and 
a potential increase in bubble collapse temperature [185, 186]. The sonochemical activity taking place 
under these conditions can result in a sonochemical yield greater than the individual sum of the single 
frequencies that are used [180]. The proposed reason for this is a reduction in the standing wave and 
thus more distributed cavitation activity coupled with an increase in applied energy efficiency [187].  
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3.3.3. Ratio of Vessel / Transducer Diameters 
The size and shape of the vessel for plate transducers can determine the influence of applied 
parameters and the cavitation activity [97, 153, 188-190]. For larger vessels there is an increase of 
calorimetric power in the liquid with vessel diameter, however this does not necessarily translate to an 
increase in sonochemical activity [97]. A problem for reactors with increasing volume, with similar 
transducer sizes, is the existence of ‘dead zones’ [97, 188]. That is, an area beyond a point where no 
transient cavitation can be detected and only non-cavitation behaviour such as bubble motion, 
acoustic streaming, etc. occurs [189, 190]. Vessels with a diameter greater than 90 mm have been 
shown to exhibit a reduction in sonochemical activity for a 60 mm diameter transducer [97]. Others 
interpret a vessel-transducer ratio dependence which correlates closely; a value of 1.45 found to 
exhibit the highest sonochemical and acoustic energy transfer efficiency across a range of liquid 
heights [153]. Nikitenko et al. used an ultrasonic horn to study the sonochemical darkening of 
diphenylmethane (DPhM) in water [191]. They found that the size of the vessel had negligible effect 
on the absorption of acoustic energy. However, the sonochemical efficiency increased with reduction 
in the tip diameter of the horn. This was reasoned to be due to an increase in maximum bubble size 
and associated increase in intensity of collapse.  
3.3.4. Liquid Flow 
The utilisation of flow to influence the cavitation environment can be applied via mechanical stirring 
[42, 99, 149, 192], circulation pumping [116, 158] or through frequency-power dependant quasi and 
acoustic streaming [61, 115, 128]. Flow can prevent cavitation bubbles from coalescing and clustering 
by counteracting the primary and secondary Bjerknes forces [158, 193]. Without flow, coalescence 
can cause bubbles to grow and be expelled from the antinode region, becoming inactive. Dependent 
upon the rate, flow can allow release of a limited number of bubbles from the antinode region which, 
when controlled, can reduce coalescence and enhance sonochemical activity [158]. Additionally, 
increased flow can refresh the solution around the bubble, thus delivering increased gas concentration 
and increasing mass transfer [141]. The motion of the liquid and subsequent movement of bubbles can 
also disperse bubbles from dead zones such that they may become subject to active regions within the 
field and increase overall activity [158]. The nonlinear motion of bubbles caused by fluid flow can 
instigate structural instability, asymmetric oscillation and collapse, which can increase sonochemical 
activity [115, 116]. 
Both quasi acoustic streaming and acoustic streaming can be a source of liquid flow. Quasi acoustic 
streaming due to attenuation of the wave causes bubble motion and the bubbles are less able to 
collapse and oscillate symmetrically  [115, 158]. Thus, it may be conducive to bubble fragmentation 
and an increase in the release of active radicals into the solution. Calvisi et al. reported that as the 
fluid accelerates, due to quasi acoustic streaming in the presence of travelling waves, there is a local 
drop in pressure across the bubble surface resulting in surface instabilities and bubble shape distortion 
[128]. Acoustic streaming localised around the bubble also increases and the rate of dissolution or 
growth of the bubble can be intensified up to twentyfold due to surface instabilities with bubbles 
becoming non-spherical in nature [61]. As discussed, quasi acoustic and acoustic streaming are more 
prevalent at higher frequencies and powers, therefore liquid flow associated with these mechanisms 
will increase with their increase [44, 156, 194, 195]. Quasi acoustic streaming has been found to cause 
liquid flow in the 100's of kHz range with travelling waves becoming apparent at 448 kHz and 
dominating at higher frequencies ~726 kHz [163]. In this groups previous work it was suggested that 
this flow causes an increase in sonochemical yield up to a point when the frequency becomes too high 
to be favourable to produce an increase in active bubble population [42, 116]. It can be said that 
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streaming represents a viable method to decrease coalescence and increase bubble surface instability 
that may be advantageous for sonochemical activity. 
Results from experiments inclusive of artificially applied flow (stirring or circulation pumping) are 
generally varied depending on applied power, frequency and reactor configuration. Overhead stirring 
for example has been shown to increase sonochemical activity at frequencies 40, 486, 490, 613 kHz 
and decrease activity at frequencies 376, 1179 kHz [42, 99, 149, 192]. A large increase (up to 
fivefold) in sonochemical yield with overhead stirring (600, 900, 1300 rpm) was found at 40 kHz with 
a general reduction for mid to high frequencies; 376, 995, 1179 kHz [42]. This work supported the 
theory that coalescence is reduced at lower frequencies. However, it was found that this not apparent 
for higher frequencies where coalescence can aid in formation of bubbles of active size and where 
quasi acoustic streaming can already reduce coalescence [42]. Similar stirring experiments at 486 and 
490 kHz have yielded different results with reaction rates and sonochemical efficiency being found to 
increase [149, 192]. At 613 kHz sonochemical production has been found to increase with mechanical 
stirring up to 370 rpm (and gas flow rate), this was attributed to more homogeneous bubble 
distribution [99]. For circulation flow, an increase in yield was demonstrated at 376 and 995 kHz at a 
flow rate of 34 ml min-1 and 76 W L-1 [116]. Hatanaka et al. showed that peak 
sonochemiluminescence intensities occur at higher powers when circulation flow is increased, but 
reduce with increased stirring for lower powers [158]. Further, they found an optimal flow rate exists 
for sonochemical reactions in relation to pressure amplitude and frequency. In general the effects of 
stirring and flow are dependent on the individual system and applied parameters; the shape, size and 
position of a stirrer for example can present a significant effect on the sound field potentially reducing 
the sonochemically active region [192, 196].  
Relating to bubble structural instability, it may be implied that flow can cause surface instabilities to 
occur due to fluid motion and mass transfer. These instabilities act with the already present quasi 
acoustic streaming and induce further acoustic streaming. The translational motion of the bubble as a 
result of surface instabilities is acted upon by the pressure wave and unstable oscillation, collapse and 
fragmentation can occur. The effect of quasi acoustic streaming is thus to incite further streaming and 
bubble structural instability. If higher pressure amplitudes are used, bubbles may agglomerate at the 
anti-node regions, due to “locking” in place. Upon applying flow, it is suggested that not only can 
there be a favourable reduction in the number of bubbles in those regions, but the bubbles that remain 
will be subject to more intense deformations caused by the flow. The structural instabilities in that 
region can then lead to further nonlinear effects, and finally fragmentation. Also, since high powers 
may result in increased intensity of collapse and subsequent bubble instabilities, flow offers a viable 
mechanism to work in synergy with power and negate effects such as coalescence.  
3.3.5. Liquid Height 
Several authors have influenced sonochemical activity with the adjustment of liquid height [153, 197-
200]. In particular, fitting the height to a distance of an odd multiple of the fourth of the wavelength 
increased cavitation activity [151]. By ensuring the water level falls at an anti-node point, the air / 
water interface reinforces the standing wave component. Asakura et al. showed that, by choosing the 
appropriate liquid height, low frequencies can deliver similar levels of sonochemical activity to that of 
higher frequencies where it would not ordinarily be seen [197]. However, each individual reactor has 
its own optimal liquid height for maximising sonochemical activity and this is often dependent upon 
the systems effective absorption of acoustic energy [153, 198].  
3.3.6. Liquid Temperature 
The effect of increasing the temperature of the liquid is to decrease the cavitation threshold, this is be 
due to an increase in the liquid vapour pressure or a decrease in surface tension or viscosity [166]. 
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Additionally, the gas solubility of the liquid will decrease at higher temperatures and as a 
consequence there will be fewer cavitation nuclei available [201]. If the liquid temperature increases 
so does its vapour pressure which has been found to reduce peak cavitation temperatures and the rate 
of sonochemical reactions [202]. This is especially true of more volatile reactants and is proposed to 
be due to more vapour entering the bubble at higher temperatures and in effect ‘cushioning’ the 
collapse [147]. A change in temperature can influence other parameters, frequency for example; an 
increase in liquid temperature to 40°C has been seen to cause a shift of maximum H2O2 production 
from the range 204 - 362 kHz to 613 kHz [99].  
3.3.7. Reflective Plate  
A reflective plate or surface stabiliser reinforces the standing wave component of the sound field 
resulting in an increase in pressure amplitude that can effect both sonoluminescence and 
sonochemiluminescence [42, 156, 196]. Zhou et al. proposed that although sonoluminescence is 
increased with surface stabilisation, sonochemiluminescene activity is lowered due to reflective 
reinforcement of the standing wave component [156]. However this is dependent upon the frequency; 
in this groups previous work there was shown a decrease in sonochemical activity of up to 69% with 
surface stabilisation for 376, 995 and 1179 kHz at low and high powers [42]. This indicates that for 
those frequencies the travelling wave component is the primary contributor to sonochemical activity. 
The region of active cavitation also changes, with substantial activity at the reflective plate which is  
maximised when positioned at the liquid surface [196, 203]. The action of a lid behaving as a surface 
stabiliser and reducing travelling waves is to reduce the effect of (quasi) acoustic streaming, which 
may similarly account for a reduction in transient cavitation and associated sonochemical activity 
[42].  
The reinforcement of the standing wave via a reflective plate can be particularly effective at 
controlling the system, especially where high frequencies and flows have been implemented such that 
the standing wave is distorted and sonochemical activity reduced. Therefore, this lends to a theoretical 
method for increasing the structural instability of bubbles. That is, the bubbles can be strongly held in 
place by the reinforced standing wave, combined with a flow through system causing surface 
instabilities, nonlinearity oscillation and collapse. 
3.4. Implications of Primary Parameters 
From the discussions it is clear that the primary parameters represent a means of actuating and 
controlling the activity taking place within a sonochemical system. But even more apparent is their 
interlinked behaviour and effect on one another; by changing one parameter all others can be affected. 
Thus, this demonstrates the individualistic nature of sonochemical systems, a set of parameters that 
delivers high sonochemical yields for one system will not provide the same results when applied to 
another system. Add to this the chaotic and unpredictable nature of a multi bubble environment and 
the effect of parameters for different systems becomes even more elusive. However, general trends 
have been presented and they offer some understanding as to the mechanisms of individual 
parameters and their influence on each other. It is now of use to extend this knowledge to include 
parameters that can diversify the effects of these fundamental operating parameters.   
4. Secondary Parameters 
Upon the realisation of a working sonochemical system via primary parameters, augmentation may be 
achieved via the introduction of secondary parameters, namely; the introduction of solids, changes to 
the chemical environment and sonication in gas atmospheres.  
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A summary table of literature covering chemical and gas-liquid experimental results is given in Table 
1 and 2.
  
Table 1. Sonochemical Effects in Various Chemical Environments 
Chemical 
Freq. 
(kHz) 
Power / 
Pressure 
Amplitude Temp (°C) Effects Reference 
Al powder (15mm 
mean size) in starch 
solution. 
498 50 W 22 Enhanced liquid mixing. Decolourisation reaction rate (between I and 
Na2HPO4) increased up to 70% with powder. Sonochemiluminescence 
maximised at 0.0034 g/L. 
[204] 
TiO2 powder (specific 
surface area 11 m2/g) in 
water. 
20 50 W 
 
23 ± 3 29% increase in sonoluminescence for (0.02 g/ 100 ml solution). 
Thermo-mechanical heating excites charge carries to catalyse dioxane 
decomposition. The formation of a TiO2 + •OH state that increases 
sonochemical activity is hypothesised. Oxygen vacancies in the 
structure suggested to causing increase in nucleation. 
[205] 
Zn, Ni, Cr, and Mo 
powder (~5 - 10 µm 
diameter) in C10H22 
solution. 
20 50 W/cm2 N/A Inter-particle melting for Zn, Ni, Cr, and Mo indicating collision 
temperatures of between ~2800 K and 3600 K. 
[103] 
TiO2 powder (~30–50 
nm, ~20 x 12 nm), 
ZrO2 powder (~20 nm), 
ThO2 powder (~5 µm, 
4.5 µm, 5 nm) 
20 
362 
0.34 W/mL 
0.25 W/mL 
22 Increase in hydrogen yield in argon atmosphere for nano-metal oxide 
suspensions (TiO2, ZrO2, ThO2) at 20 kHz and 362 kHz, due to 
enhanced nucleation. Additional mechano-chemical effects evidenced at 
20 kHz in the presence of micro-particles. 
[206] 
DTAC in water. 22.31 27 ± 3 kPa 20 ± 3 Increase in bubble growth rate due to charge and size of the head group. 
Increase in bubble surface instabilities and acoustic streaming. 
[141] 
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Propan-1-ol, SDS, 
SDBS, AXC, DTAC, 
ZW3-10 solutions. 
515 20 W 20 - 21 Decrease in total bubble volume indicating a reduction in coalescence 
due to electrostatic effects. 
[38] 
10% Surface-active 
agent, 40% ethylene 
glycol, 5% methanol 
and water. 
19.5 N/A 25 Increasing surface tension with a wetting agent caused an increase in 
bubble size and the formation of bubble clusters. This, due to 
stabilisation of bubble growth reducing the potential for fragmentation.  
[207] 
CH3OH, C2H6O, 
C₄H₉OH solutions. 
20 
(3.5ms 
pulsed) 
515 
(3.5ms 
pulsed) 
0.09 – 0.2 
W/cm2 
 
0.04 – 0.4 
W/cm2 
20 Sonoluminescence quenching for high and low frequencies which 
increased with alkyl chain length. At 20 kHz increasing concentration 
has no effect. For 515 kHz sonoluminescence peaked at 2 to 3 mM. 
Quenching attributed to hydrophobic molecules entering the bubble 
decreasing intensity of collapse. 
[48] 
C6H10O7, C6H9NO, 
(C4H6O2)n, C2H4O)x, 
C2nH4n+2On+1 solutions. 
1000 2 W/cm2 N/A Change in surface tension with polymer concentration indicating 
adsorption at bubble surface. Increase in the negative change of surface 
tension increased the rate of pyrolysis (CO production). 
[113] 
C2H6O2 solution. 23 0.8 bar 18 Experiments fit calculations very closely with bubbles in the viscous 
fluid residing within or close to the ‘shape stable path unstable’ phase. 
[208] 
Dissolved CO2 species 
in water. 
928 
(Pulse 
on 50 
ms, 
pulse off 
175 ms) 
0.42 W/cm2 20.5 Change in coalescence behaviour due to reduction in surface pH. 
Increase in cavitation activity with pulse off time and CO2 
concentrations attributed to reduction in coalescence. The mechanism is 
suggested to be due to adsorption of ions at the bubble surface reducing 
the film drainage between bubbles. 
[209] 
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NaCl in water. 20 600 W 0 - 4 Increase in oxidising rates of aqueous pollutants due to an increase in 
the ionic strength of the solution. The result is to cause pollutants to 
move to the bubble surface where they can be subject to increased 
oxidisation. 
[210] 
NaCl in water with He 
and Ar bubbling. 
355 
(4ms 
pulsed) 
33 W ~22 Reduction in bubble size due to reduction in gas content by the salt. [211] 
 
NaCl, NaBr, KCl, 
NaClO4, Mg(ClO4)2, 
MgCl2, AlCl3, 
CH3COONa, MgSO4, 
Na2SO4 and HClO4 
solutions. 
515 
(3.5ms 
pulsed) 
0.3 W/cm2 22 With addition of the salts there is an increase in sonoluminescence 
intensity (with the exception of HClO4) until a limit is reached where it 
begins to reduce. The change in gas solubility of the liquid with salt is 
expressed as the most likely cause of the effects. 
[212] 
KCl, HCl and NaNO3 
solutions. 
515  
(5.8 ms 
pulsed) 
10 W 20 Coalescence reduced due to reduction in gas content also known as a 
“salting out” effect of the electrolyte. 
[162] 
 
MgSO4, NaCl, KCl, 
HCl, H2SO4 solutions. 
213 25 W 25 The change in volume of the solution (a direct indication of the 
coalescence occurring) goes in the order MgSO4 > NaCl ≈ KCl > 
H2SO4 ≈ HCl. Adsorption at the bubble surface cause surface tension 
gradients that effect the film drainage between bubbles. 
[213] 
Na2SO4 in C7F15COOH 
solution. 
40 150 W Various An increase in surface tension caused an increase in PFOA (surfactant 
molecules) to the bubble surface. Sulfate addition decreases surface 
tension however this was seen to stabilise and there was increase 
degradation of PFOA with sulfate concentration. 
[214] 
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Ketones and n-alkyl 
acetates in water. 
20 
515 
0.1 – 0.4 
W/cm2 
20 -25 Low concentrations of solutes give an increase in sonoluminescence 
suggested to be due to a reduction in coalescence. However in larger 
concentrations can quench sonoluminescence due to a build-up of 
concentration at the bubble surface and the solute entering the bubble. 
[215] 
 
Formation of amino 
acids in acetic acid 
solutions or under CH4 
or CO2 with N2. 
355 70 W ~22 - 30 Amino acid formation for nitrogen and separately nitrogen with 
hydrogen, both in aqueous solutions with argon atmosphere, followed 
the order alanine > ethylglycine > glycine. Methane was the exception 
where for both nitrogen and hydrogen the rate of production followed 
the order glycine > alanine > ethylglycine. 
[216] 
 
Table 2. Gas-Liquid Sonochemical Studies 
Experiment / 
Method 
Freq. 
(kHz) 
Power / 
Pressure 
Amplitude  Temp (°C) Products Results Reference 
Formation of H2O2 
in Ar/O2, UV-Vis 
with Ti(IV) in 
0.5M H2SO4. 
20 
204 
362 
613 
40 – 43 W  20 H2O2 
Optimal at 204kHz (~1.4  µmol/kJ) - 362kHz (1.75 
µmol/kJ), 613kHz Ar/20vol%O2. [99] 
Formation of H2O2 
in O2 Ar N2, UV-
Vis with FeSO4 in 
acid solution 
(Fricke). 
447 50 W Room Temperature 
H2O2, HNO2, 
HNO3 
H2O2 yield follows order O2 > air > Ar > N2 and acid 
(nitrous and nitric) follows order air > N2 > Ar > O2. [91] 
Formation of H2O2 
in Ar/O2, UV-Vis 
with (NH4)2MoO4. 
CO2. Degradation 
of HCOONa in 
Ar/O2, GC. 
300 N/A Room Temperature 
H2, H2O2, 
CO2, (CO2H)2 Optimal (H2O2 ~2.7x10
-4
 M min-1) at Ar/30vol%O2. [217] 
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Degradation of 
CO2 in CO2/Ar 
under 
sonophotocatalysis, 
titanium sulfate and 
GC. 
200 200 W 20 CO, H2, O2 
Products: ~11 µmol H2, ~111 µmol H2O2, ~16 µmol 
O2. Maximum rate of CO in 2–3vol%CO2 in Ar. 
[218] 
Formation of H2O2 
in H2/O2, UV-Vis 
with 1 mM FeS04, 
10 mM CuS04, 10 
mM H2S0 (Fricke). 
300 N/A Room Temperature 
•OH, HO2, 
H2O 
Optimal rate (27µmol/min) at H2:O2 ratios of 1:3 and 
2:1. [219] 
Product analysis in 
CO2/Ar; UV-Vis 
with KI and 
Ti(SO4)2 in 9M 
H2SO2, and GC. 
2400 15 W 25 H2O2, H2,O2 
Varying product yields [49 µmol H2O2, 5.5µmol H2, 
6.1µmol O2, 23µmol CO] 
Optimal rate at Ar/2vol%CO2. 
[95] 
Cavitation noise 
spectra in O2 and 
CO2 atmospheres. 
Acoustic spectral 
measurement. 
928 Variable 20.5 N/A 
Cavitational noise activity absent in solutions 
saturated with CO2 at power densities less than 1.7 
W/cm2. CO2 and O2 in variable combinations give a 
measurable cavitational noise signal at 420 mW/cm2. 
[209] 
Sonochemical 
oxidation 
efficiency in Ar, 
He, N2, O2, CO2 
atmospheres. UV-
Vis with KI. 
20 
41 
62 
1 – 6 W 20 I3 
At 20 kHz oxidation efficiency goes as Ar > O2 > 
Air 
At 40 kHz oxidation efficiency goes as Air > O2 > 
Ar 
Highest oxidation efficiency achieved at 60 kHz 
under air. 
[150] 
Production of 
H2O2 and •OH 
under Kr, Ar, He 
and O2. UV-Vis 
with KI.  
20 
 40 
 80 
500 
Calorimetric 25 - 30 •OH, H2O 
Optimum rate of rates of H2O2 (pH 7, 2.94 
µM min-1) and •OH (pH 11, 0.391 µM min-1) under 
Kr at 500kHz. 
Lowest rates of H2O2 (0.0508 µM min-1) and 
•OH (0.0310 µM min-1) under He at 20 kHz.  
[220] 
Product Analysis in 
CO2/Ar and 
CH4/Ar, UV-Vis 
300 3.5 W/cm2 20 
C2H6, C2H4, 
C2H2, CO, 
CO2, H2O2 
Varying product yields. Ar/CO2 : Optimal O2 at 
Ar/3vol%CO2, optimal H2 at Ar/0vol%CO2, optimal 
H2O2 at Ar/5vol%CO2, optimal CO at Ar/2vol% 
[221] 
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with KI and 
TiOSO4 ·aq. GC 
and ion 
chromatography. 
CO2. Ar/CH4 : Optimal H2 at Ar/1% CH4, optimal 
CO + CO2 at Ar/8vol%CH4, optimal C2H4 + C2H6 at 
Ar/1vol%CH4.  
Formation of N2, 
O2 in Ar/N2O. 
Degradation of 
N2O in Ar/N20. 
 
300 
 
1.5 bar 
 
Room 
Temperature 
N2,O2, NO2, 
NO3- 
 
Optimal formation of N2, O2 at Ar/20vol%N2O. 
Optimal degradation at Ar/15vol%N2O. 
 
[222] 
Degradation of 
CO2 in CO2/Ar , 
GC. 
200 200 W Room Temperature CO, H2, O2 Optimal at Ar/3vol% CO2. [223] 
Degradation of 1,4-
dioxane. Formation 
of H2O2 in Ar/O2, 
UV-Vis with KI. 
205 
358 
618 
1071 
128 W or 5.1 
W/cm2 20 H2O2 
Optimal decomposition rate at 355kHz Ar/25%O2 
Optimal formation rate at 355kHz Ar/25%O2 
[69] 
Formation of H2O2 
in H2O and HNO3. 
In Ar and 
Ar/20%O2 
atmosphere. 
Degradation of 
HNO3. UV-Vis 
with TiOSO4. Mass 
spectrometry. 
20 
207 
615 
Calorimetric 21 H2O2 
 
Formation rate H2O2 more than double in 
Ar/20vol%O2 compared to Ar. Optimal H2O2 rate 
for 20kHz in HNO3 Ar/20vol%O2 atmosphere. H2O2 
yield increases for higher frequencies in water and 
increases for lower frequencies in nitric acid. 
Optimal yield (1.56µmol kJ-1) at 615 kHz 
Ar/20vol%O2 in water. 
[224] 
Formation of 
amino acids in 
acetic acid 
solutions or under 
CH4 or CO2 with 
N2. 
355 70 W ~22 - 30 
 
Alanine, 
Ethylglycine, 
Glycine 
Amino acid formation for nitrogen and separately 
nitrogen with hydrogen, both in aqueous solutions 
with argon atmosphere, followed the order alanine > 
ethylglycine > glycine. Methane was the exception 
where for both nitrogen and hydrogen the rate of 
production followed the order glycine > alanine > 
ethylglycine. 
[216] 
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Formation of tri-
iodide in KI and 
H2O2 in water. 
Comparative 
analysis at 514 and 
20 kHz in Ar and 
O2 saturated liquid. 
H2O2 ammonium 
molybdate 
decomposition 
reaction in a 10% 
KI Tri-iodide UV-
Vis with KI. 
20 
514 30 W 24 H2O2 
Formation rate of I3 in O2: 
514 kHz ~1.75µM/min I3 
20 kHz ~0.10µM/min I3 
 
Formation rate of I3 in H2O2: 
514 kHz O2 ~7.80µM/min H2O2 
20 kHz O2 ~0.20µM/min H2O2 
 
Formation rate of I3 in Ar: 
514 kHz ~0.25µM/min I3 
20 kHz ~0.25µM/min I3 
 
Formation rate of H2O2 in Ar: 
514 kHz Ar ~6.50µM/min H2O2 
20 kHz Ar ~1.70µM/min H2O2 
[167] 
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4.1. Solid Addition  
The study of the presence of solids (or surfaces) in cavitation environments is extensive and originally 
stemmed from observations of cavitation damage to ship propellers in the late 19th Century [225]. 
More recent studies explore the reaction rate enhancement in both stoichiometric and catalytic 
reactions [103]. If there is an extended solid surface greater than 150 µm in the sonicated liquid it is 
able to cause nearby bubbles to experience non-spherical collapse with high speed jets forming on 
their proximal side which impact the surface [16, 128, 146, 226, 227]. For some metals the jet will 
perforate the surface at the point of collapse, exposing a highly heated chemically reactive surface 
[16]. In the presence of particles smaller in size, such as powders, the shockwave from bubble 
collapse causes particles near to one another to experience high velocity inter-particle collisions and 
melting [16, 103, 147]. It has been observed that for zinc, nickel, chromium and molybdenum 
interparticle melting can occur, however, this is not so for tungsten which indicates temperatures at 
collision sites must reach between 2800 K and 3600 K [226]. 
Powders can act as sonochemical catalysts via chemical, physical or combined mechanisms. Similar 
to extended surfaces, the surface oxide coatings of metal powders can be removed, improving rates of 
chemical reactivity and yields [103, 204].  Hydrogen yields in argon-saturated water with metal oxide 
particles was able to be increased at 20 kHz and 362 kHz attributed to increased nucleation sites in 
crevices at the particles surface [206]. At 20 kHz, additional increases in hydrogen yields with 
micron-sized oxides were accompanied by the fragmentation of particles, indicating an additional 
mechano-chemical contribution to the water splitting process. However at 362 kHz, micro-particles 
caused attenuation of the sound field, yet the smaller nanoparticles caused both increased nucleation 
and ultrasonic attenuation. The inherent molecular properties and defects of small particles can cause 
an increase in mixing and act as sources of nucleation. Zhou et al. noted an increase in bulk liquid 
flow and enhanced liquid mixing (via turbulent flows) upon addition of aluminium powder which 
resulted in increased sonochemical reactions [204]. TiO2 powder, aside from causing excitation of 
charge carriers to improve sonochemical decomposition rates, has an intrinsic oxygen vacancy that 
has been suggested to contribute to structural defects which may acts as sources of nucleation [205]. 
With regards to solids in ultrasound environments, although there has been extensive work in 
synthetic fields, such as synthesis of nanostructured inorganic materials or biomaterials [22, 103], 
there are few studies on the effect of powders on sonochemical activity. 
4.2. Surfactants  
Surfactants can influence the properties of cavitation bubbles, in particular their growth and surface 
stability, due to the charge and character of the head group [141, 228, 229]. By their nature, 
surfactants will be adsorbed at surface regions and therefore in a liquid environment where there are 
bubbles present they will gather at the bubble-liquid interface.  
A bulky head group has been proposed to induce bubble surface instabilities and associated acoustic 
streaming that results in an increase in rectified diffusion [141]. However, surfactants with long 
chains have been observed to increase boundary resistance to mass transfer through the bubble surface 
[230]. This results from less mass transfer on contraction due to decrease in the bubble surface area 
and increase in surface surfactant concentration hindering outward diffusion [229]. On expansion 
there is less resistance to mass transfer as the surface area increases and the surface surfactant 
concentration is reduced. The resistance to mass transfer has been shown to be surfactant 
concentration dependant; 10 mM as opposed to 1 mM of DTAC presents an increase in resistance 
[141]. It has been found that as the alkyl chain length of the surfactant increases the amount of solute 
able to be adsorbed at the surface decreases [231]. Therefore the degree to which the surfactant is able 
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to be adsorbed at the surface of the bubble presents a limiting factor rather than the concentration of 
solute in the solution [215]. This has been attributed to surfactants aggregating into micelles above a 
certain concentration (critical micelle concentration) and once reached, growth rates become 
dependent on the increase bubble surface oscillations [229].  
The ionic surfactant adsorption of a hydrophobic solute can cause a reduction in coalescence via steric 
and electrostatic repulsion particularly when surface-active solutes are charged [31, 90]. This is 
evident when salt, which acts to inhibit electrostatic effects, is present in dodecyl trimethyl 
ammonium chloride (DTAC) solutions; the associated electrostatic effects of the surfactant are no 
longer observed [141]. It has been found that the total volume of bubbles decreased in the presence of 
surface active solutes, and further, smaller bubbles and narrower size distribution resulted, both due to 
a proposed reduction in coalescence [38, 170]. Sodium dodecyl sulphate (SDS), a surface active 
solute, reduced coalescence by approximately 20% at 515 kHz due to electrostatic effects [38]. 
However, if electrostatic repulsion is the primary mechanism of reducing coalescence then it should 
be considered that the associated forces only dominate for small bubble oscillations and at higher 
pressure amplitudes the attractive Bjerknes forces dominates, reversing the effect [232]. At this point 
steric repulsion as seen for uncharged and zwitterionic surface-active solutes can play some role in 
reducing coalescence and associated effects  [38]. It was suggested that by using a highly charged 
surfactant bubbles would not be able to reach minimum size due to repulsions at the surface, however 
this was not apparent during experimentation [229]. Alcohols (especially with a terminal hydroxyl 
group) act in a similar vein to SDS with their nonpolar and polar surface properties reducing 
coalescence and increasing the number of active bubbles [31, 47, 231]. Tronson et al. found that water 
solutions containing certain aliphatic alcohols quenched sonoluminescence at 515 kHz but indicated 
that by choosing the correct frequency it would be possible to  increase sonochemical reactions [48]. 
However, sonochemical reactions are prevalent during transient cavitation and for substances such as 
acetone which does not have the ability to hydrogen bond transient cavitation can be quenched [215].  
4.3. Changes in Liquid Properties  
4.3.1. Surface Tension and Viscosity 
If the solution has high surface tension or viscosity, either chemically or induced, there can be a direct 
effect on cavitation activity. When the surface tension is high, greater pressure is required for the 
nucleation of cavitation bubbles [233-236]. However, after nucleation, surface tension has less of an 
effect on the restriction of growth and provides bubble growth stabilisation, thus bubbles are more 
likely to grow to active size without breaking apart [207]. The overall effect of increased surface 
tension is to provide resistance to growth which is most prominent during the nucleation stage, this 
can result in a decrease in oscillation period [234]. For two moving (rising) bubbles with high surface 
tension, coalescence was determined to occur less readily due to the bubbles increased resistance to 
deformation and stretching between the bubbles in contact [237]. However for stagnant bubbles or 
bubbles in clusters there has been suggested a decrease in coalescence with decrease in surface 
tension [40]. In terms of reaction mechanisms, Henglein et al. found a distinct relation; if a polymer 
decreased the surface tension then the surface would be able to become more heavily loaded [113]. 
This would relate to surface concentration properties as previously discussed.  
Acid or similar can be used to increase viscosity and influence bubble dynamics, without affecting the 
vapour inside the bubble. Phosphoric acid’s vapour for example consists only of water molecules, 
with no significant trace of the acid molecules vapour at high temperatures [238]. An increase in 
viscosity due to reinforcement of the intrinsic bonding forces of the liquid requires a higher applied 
pressure to induce nucleation and cavitation [166]. This resistance to pressure amplitude is 
demonstrated when it is considered that oscillation period of the bubble increases with viscosity [234]. 
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This is particularly true when the bubble approaches its maximum; the larger the bubble the more 
energy must be exerted on the surrounding liquid and hence the energy needed for expansion is 
greater [234]. Thus, an increase in pressure amplitude is required to achieve growth and furthermore, 
instigate bubble oscillation [50].  
Calculations have demonstrated that in general the stability of the bubbles is increased with viscosity 
[239]. There are two proposed mechanisms that influence bubble structural stability at high pressures: 
Rayleigh-Taylor instability due to gas being strongly forced into the liquid, and bubble surface 
instability due to oscillatory effects [240, 241]. Brenner et al. proposed that increased viscosity would 
decrease bubble surface instabilities and the bubble would initially enter the Rayleigh-Taylor regime 
[242]. Further, since Rayleigh-Taylor instability acts so quickly, the bubble would have no time to 
stabilise and would fragment, as evident by the absence of sonoluminescence in highly viscous fluids. 
There has been observed an increase in the destabilisation of sonoluminescing bubbles’ motion 
trajectory and surface stability in viscous liquids such as glycol, methylformamide, or sulphuric acid 
[208]. The elliptical pathways seen for higher viscosity fluids contribute to bubble surface instabilities 
due to inertial forces and can determine the upper boundary of pressure amplitude that facilitates high 
energy stable oscillation [85, 243].  
The effect of viscosity on coalescence in a cavitational, multibubble environment is not easily 
determined. Aside from the above effects, in very viscous fluids, there is possibility of attenuation of 
the sound field and reduction in the areas of cavitation [244]. In the absence of ultrasound, Oolman et 
al. presented numerical values for the physical properties of liquids and related to bubble coalescence 
times [40]. For small values of viscosity (~1 - 3 cp) there is a varied relation to coalescence time, 
however for a large viscosity it is clear that the coalescence time increases. This could imply that 
highly viscous fluids inhibit bubble surface motion and film drainage between the bubbles in contact, 
which is known to reduce coalescence [213]. However, the time for coalescence to occur becomes 
relevant in an ultrasound environment due to time dependant forces on the bubbles [36]. Numerical 
analysis of a two bubble system suggests that increasing the viscosity of the liquid, in this case 
sulfuric acid, would decrease the secondary Bjerknes force, approach velocity and therefore increase 
contact time [245]. For low viscosity fluids it has been calculated that bubble structural instability is 
increased and the bubbles’ approach to one another is inhibited [237]. This again may suggest 
reduction in coalescence is possible with an increase in solution viscosity. 
4.3.2. Changes in pH 
A change in the pH of the bulk solution during sonication is dependent on the solution used. For water 
in air atmosphere, in the short time after application of ultrasound there is an initial decrease from pH 
7 to ~pH 4 [246]. This decreasing trend is also seen for oxygen and argon atmospheres, however for 
nitrogen there is an initial small increase followed by a gradual increase [91]. The effect of decreasing 
pH with sonication in air is due to the •OH radicals oxidising nitrogen, resulting in the formation of 
nitrous and nitric acids [247]. However, in air-saturated aqueous NaOH (pH 12) sonication resulted in 
the formation of the peroxynitrite anion, likely to be produced from the superoxide radical formed in 
the basic conditions [248]. In terms of sonochemical effects, an increase in the production of H2O2 has 
been seen to occur with a change in pH, however there is little to suggest there is a direct relation 
[246]. In degradation experiments with perfluorooctanoic acid there was considered to be no direct 
influence in the change in pH on chemical reactions taking place [214].  
Price et al. considered that equilibrium adsorption of volatile solutes at the bubbles surface may not be 
readily achieved for active cavitation bubbles [215]. However, when the pH is changed to alter the 
solute’s hydrophobicity this will effect where it gathers in the solution. For example, when molecules 
are changed to their more volatile version using pH, they are evaporated into the bubble and are able 
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to quench sonoluminescence. However, in the ionic form, the molecules remained in the solution and 
did not quench sonoluminescence, although they were still subject to radical degradation reactions 
[64, 215, 231]. Thus, pH may influence chemical dynamics of the system such that it may act to 
control the reactions taking place. 
The change in pH will also affect the charged species adsorbed at the surface of the bubble. In 
general, at low pH values, positive charge groups (H+) will be adsorbed at the surface [249], whereas 
at higher pH values there is negative charge (OH-) adsorption [250]. The change in surface adsorption 
of species can influence coalescence via surface tension or steric mechanisms [251]. Lorentz, in early 
work, suggested surface tension independence from pH 1 to pH 13, citing that absorption of 
hydroxide ions is always balanced by equilibrium conditions in the form of similar absorption of 
hydronium ions [252]. However, there is an unaccounted for dynamic surface tension in this context. 
That is, adsorption at the surface of the bubbles causes a change in concentration of the solute in bulk 
solution and there is an associated change in the surface tension [251]. If the change in surface tension 
is positive then this indicates negative surface excess concentrations, if it is negative then there is 
positive excess surface charge adsorption [253]. In addition, the variation of charged molecules at the 
surface can cause a shift in the isoelectric point (a point where there is no net charge) of the surface of 
the bubbles which may induce electrostatic repulsion, not only this, but adsorbed species at the 
surface of the bubbles can contribute to steric repulsion (Pauli repulsion) between bubbles [209, 254]. 
When CO2 is dissolved in water it offers a particularly unique means of demonstrating these 
behaviours, this is because it may form several complex species as shown in equations (9) – (12) 
[255].  
 
  ⇌ C (9) 
  +  ⇌ C (10) 
  ⇌ 
 + 
 (11) 
 
 ⇌  + 
 
 
(12) 
The adsorption of these species is suggested to occur at the bubble surface due to a change in surface 
pH and reduction in surface tension of the liquid [209, 256]. CO2 for example can change the surface 
tension of water from 72 mN m−1 to 57 mN m−1 as its pressure changes from 1 to 11 bar [257]. This 
relates to an increase by approximately a third in the cavitation threshold [235]. Brems et al. proposed 
that a reduction in pH at the surface indicates surface activity of hydronium ions and could have some 
influence on coalescence [209]. In the absence of ultrasound it has been shown that CO2 bubbles do 
not coalesce below pH 6, this behaviour comes from the observed difference in surface charge for 
different pH values [254].  
4.3.3. Salt Solutions 
Seymour et al. found an increase in oxidisation reactions occurring at the bubble surface with the use 
of sodium chloride [210]. The group suggested that there was an increase in the ionic strength of the 
liquid which drove organic pollutants to the region. Furthermore, it was seen that there was a decrease 
in surface tension at the bubble surface due to the presence of the excess hydrophobic molecules. 
Similar observations were observed for hydrophobic solutes which have the effect of driving 
hydrophobic ions to the bubble surface region where they may react with •OH radicals formed in the 
bubbles [18]. This effect is not electrostatic in nature as it has been shown that salt reduced the 
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strength of electrostatic repulsion when used in conjunction with head groups that induce surface 
charge [38]. 
Several authors have recognised the ability of electrolyte solutions to influence the size of bubbles 
during sonication, the severity of collapse and coalescence [162, 211-213, 251]. There are two 
suggestions as to the electrolytes’ effect. Firstly, ion absorption at the bubble surface that influences 
coalescence via reduction in film drainage between bubbles in contact and steric repulsion [213].  
Secondly, a reduction in the gas content of the liquid due to a “salting out” effect that both reduces the 
amount of nucleation, clustering of bubbles and would decrease attenuation of the sound field [162, 
211, 251]. Sonochemical yields, aside from the above observations, have been suggested to increase 
due to less vapour entering the bubbles causing an increase in the severity of collapse [212].  
4.4. Effect of Gases 
In the presence of gases, the intrinsic nature of the gas will determine the physical and chemical 
reactions that occur during sonication. For noble gases an increase in sonoluminescence goes in the 
order He < Ne < Ar < Kr < Xe, in agreement with theoretical temperatures for the gas inside the 
bubble [78, 258]. Similarly, at 20 and 513 kHz (10 W/cm2 and 1.5 W/cm2 respectively) the zero order 
rate of production of H2O2 increases in the order of He < Ar < Kr [220]. Pflieger et al. simulated the 
spectral emission from inside the bubble during sonication for Ar and Xe in consideration of  electron 
(Te), vibrational (Tv), rotational (Tr) and translational (Tg) temperatures contributing to  non-
equilibrium plasma formation [259].  Xe showed a significant increase in vibronic temperatures 
(Tv,Te) compared to Ar due to its lower ionising potential. This indicates that for Xe, the conditions 
inside the bubble are more energetic, which correlates with the order of increase in sonoluminescence.  
The energy developed and associated temperature on collapse can be approximated assuming 
adiabatic compression of an ideal gas and is directly related to the adiabatic ratio of the gas content 
[78]. However, the higher the thermal conductivity of the gas the less adiabatic the process [258]. 
Generally, a more conductive gas will lower the maximum temperature reached, this is because the 
heat will dissipate more quickly from the areas of cavitation. The addition of a polyatomic gas will act 
to reduce the bubble temperature due to its higher heat capacity [260]. If the vapour of the liquid has a 
lower adiabatic ratio than the gas it can also influence the temperature upon collapse [261]. That is, 
for a liquid with a low vapour pressure, less vapour will be able to enter the bubble and cushion the 
collapse, therefore it occurs more violently, increasing temperature [147]. Indeed, as a result of 
solubility, there is a direct influence on the size of the bubbles during cavitation which has been 
shown to go air > Ar > He [162]. Highly soluble gases also result in the formation of an increased 
number of cavitation nuclei and lower the threshold for nucleation [262]. This is likely due to a 
reduction in the surface tension of the liquid and can cause the mass transfer process to occur more 
readily [263].  
When the liquid is saturated with different gases, the chemical reaction cascade, and subsequent 
product formations can change [32, 221]. Suslick et al. suggest that for high sonochemical yields, 
reactants should be highly volatile such that more vapour can enter the cavitation bubbles [147]. This 
is confirmed by increased •OH yields observed for gas atmospheres in the order Kr > Ar > O2 > He 
[220]. Henglein provides an example of the concentration dependence of products under argon-
methane atmospheres; at low concentration of methane a 2:1 ratio exists of hydrogen formation to 
methane loss, however at higher concentrations, methane is more readily consumed [10]. Also at low 
concentrations, a greater amount of unsaturated hydrocarbons were formed, however at high 
concentrations formation is reduced. Consideration of gas-liquid sonochemical systems may be 
  
A Parametric Review of Sonochemistry 
29 
 
separated into overall gas effect on sonochemical reactions, including gas mixtures and the effect on 
products from gas-liquid interactions.  
4.4.1. Gas Saturation Effect  
A solution saturated with argon is known to enhance pyrolytic reactions due to the high temperatures 
that can be achieved [23, 73]. It has also been suggested to contribute to electron excitation energy 
that is transferable to the water molecules [264]. Since it allows for enhanced reactions inside the 
bubble, radical induced reactions in the liquid and bubble surface, and is relatively inexpensive, it is 
the choice for many researchers [171]. In terms of sonochemical reactions, a frequency dependence 
for potassium iodide oxidation was found; 20 kHz gave greater efficiency for argon, whilst 60 kHz 
was found to be more efficient for air [150]. More recently, frequencies above 515 kHz have been 
calculated to decrease •OH production rate in the order Ar > O2 > air > N2, while decreasing 
frequency to 213 kHz the order becomes O2 > air ~ N2 > Ar [84]. This may be reflective of bubble 
size and the change in available time for reactions to occur which is dependent upon the applied 
frequency.  
Oxygen’s disassociated products have a direct effect on the reaction scheme. This is because they 
form reactive species that may scavenge hydrogen atoms and reduce recombination of •OH and •H at 
the bubble surface region [167]. Their ability to do this stems from •O’s high reactivity and as such is 
a long lived species that has time to move to the bubble surface region [69]. If no O2 is present there is 
formation of •H that produces H2 and •OH recombines to give H2O2, whereas in the presence of O2 
there are •OH and •O radicals and recombination will result in less H2O2 being produced [217, 224]. 
Reactions with O2 include (13) – (15) [99, 167].  
 
  	→ 2 ∙	 (13) 
  ∙ +		 →	 (14) 
  ∙ 	+		 → 
∙
 
(15) 
 
Akin to argon, there is also a frequency dependence for oxygen; at high frequencies more •OH 
radicals are available due to increased escape from the bubble, at low frequencies •H has time to react 
with O2 which may produce the hydroperoxyl radical, as shown in reaction (16) [167]. 
 
  ∙	+		 	→	∙ 	 (16) 
 
Although CO2 results in the formation of large, stable bubbles it is known to inhibit free radical 
production due to a reduction in active cavitation [150, 265]. CO2 has been found to decrease the 
number of cavities in water by preventing their activation due to the acidic nature of products formed 
upon dissolution [265]. In ultra-pure water no measurable acoustic noise spectra was detected for CO2 
indicating no cavitation events, conversely for O2 a signal was found to be present [209]. Since CO2 is 
highly soluble, a greater concentration is able to dissolve into the liquid, this causes in increase in 
diffusion into the bubble during expansion. Since the bubble collapse is very rapid the large amount of 
gas inside the bubble is unable to escape at the same rate, this precipitates a cushioning effect, 
reducing the heat obtained and disassociation inside the bubble [266]. Returning to the idea of a 
change in pH influencing adsorption of species at the surface, the reduction in coalescence of bubbles 
in CO2 atmosphere has been suggested due to change in surface charge at the bubbles surface and 
steric mechanisms [209]. This is intrinsic to weak acids, i.e. CO2 upon dissolution changes the pH 
which causes charged species to move to the bubble surface [267]. Similarly, a coalescence influence 
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was observed for inert gas bubbles that were able to coalesce between pH 3 and 7, yet CO2 preventing 
coalescence below pH 5 [254].  
4.4.2. Gas Mixtures    
For O2/Ar gas mixtures the production rate of H2O2 increases with O2, this occurs until the volume 
reaches 20% at which point H2O2 decreases with further increase [96]. However, this is entirely 
dependent on the system; Pflieger et al. found that (with mechanical stirring) intensive Ar/O2 
bubbling significantly improved H2O2 yields, maximised at 70-80% argon and 20-30% oxygen. They 
also realised a frequency dependence finding frequencies between 204 and 362 kHz were ten times 
more efficient for sonochemical production of H2O2 compared to 20 kHz [99]. Up to a fivefold 
increase (in comparison to solely Ar or O2 atmospheres) in H2O2 production has similarly been 
observed at 300 kHz and 615 kHz [217, 224]. The maximum chemical reaction rate for 1,4-dioxane in 
was found at 358 kHz in mixed O2/Ar gas atmospheres [69]. Similar ratios have been observed; Hart 
and Henglein investigated the degradation and formation of N2O to N2, O, NO and NO 
respectively, finding a maximum rate to occur at 80-85% argon and 15-20%  N2O [222]. These 
observations may indicate that the amount of radical production and recombination rate during the 
process is favourable at these volumes ratios.  
For large amounts of CO2 there is inhibition of radical production, however small amounts in Ar, He, 
O2, N2 have been found to improve sonochemical rates [95, 221, 223, 268]. Sonochemical oxidation 
(of I	ions) reduces significantly above 3% CO2 in air, as does the sonochemical reduction of the 
carbon dioxide present which in atmospheres other than air follows the order Ar > He > H2 > N2 [223, 
268]. Similarly, a maximum rate of CO formation in argon with  2- 3% CO2 has been observed at 300 
kHz [218]. Henglein in an earlier paper also considered that CO2 amounts greater than 3% resulted in 
decreased sonochemical yields [221]. In another other study, it was concluded that the effect of small 
amounts of CO2 in argon at 200 kHz and 100 W can lead to an increase I	production up to seven fold 
[95]. These findings may be understood by considering CO2 to be a radical scavenger, that is, if CO2 
quenches •H, then •OH will remain and oxidise the reactants. This is shown in reactions (17) and (18) 
which are those that occur under Ar in water, reactions (19) and (20) show how •OH contributes to 
oxidation while •H is consumed by the CO2 [95]. 
 
 	 →	∙  +	∙  (17) 
 2 ∙ 	 → 	  (18) 
 	2 ∙ 	 →	 (19) 
 2 ∙  +  	→  +  (20) 
 
As discussed, CO2 may also reduce coalescence due to surface tension properties. Therefore through 
these observations, it may be inferred that the introduction of small amounts of CO2 does not 
substantially act to prevent cavitation as would be seen with large amounts of the gas, furthermore 
that via both quenching and surface tension mechanisms small amounts of CO2 can aid in increasing 
sonochemical oxidation of iodide. Further details of the aforementioned gas ratios and their effects 
can be found in Table 2. 
4.4.3. Products from Gas-Liquid Reactions   
The products resulting from sonication of water in the presence of gas and gas mixtures have potential 
for industrial implications; however there is little research in this area. The sonolysis of carbon 
dioxide, nitrous oxide and methane in aqueous solution was investigated by Henglein in 1985 [221]. 
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At 300 kHz, 3.5 Watt/cm2 and 20 °C it was shown there is a decrease in the concentration of hydrogen 
with increased mole fraction of carbon dioxide in an Ar-CO2 atmosphere. Optimal formation (7×10-3 
M) of hydrogen is shown at 0.08 mole fraction of methane in an Ar-CH4 atmosphere and optimal 
formation (11.5×10-4 M) of hydrogen at 0.3 mole fraction of CO2 in an Ar-CO2 atmosphere. 
Sonication of methane in water under an argon atmosphere brings about the products hydrogen, 
ethane, ethylene, C3 and C4- hydrocarbons and carbon monoxide. In addition, the concentration of gas 
dissolved in the solution directly influences the products and reaction rates [171]. If parameters can be 
manipulated to favour certain products, there is increased scope for industrial applications.  
Due to the bubble interaction complexity of a multibubble system, replication via mathematical or 
computer modelling, is, at present, primarily limited to single or two-bubble systems. However, more 
recently, for a single bubble system, Merouani et al. produced a model to determine the mechanism 
for hydrogen production [111]. It was found that the formation of hydrogen was dominant in the gas 
phase with recombination at the bubble surface region playing only a minor role. In a consecutive 
study, with various frequencies (140 – 1100 kHz) and powers (0.75 and 1 W / cm2) a range of bubble 
sizes and an optimal bubble radius for the production of H2, were determined [269]. As the pressure 
amplitude increased and frequency decreased, both optimal bubble size and the range of bubble sizes 
for the production of hydrogen increased. These results illustrate that frequency determined bubble 
sizes have a direct influence on the products formed. 
The use of alternate solutions to water can also determine different products, as demonstrated by the 
sonication of aliphatic aldehydes and carboxylic acids under argon [270]. For numerous 0.006 M 
aldehyde and acid solutions, differing proportions of CO, CO2, CH4, C2H6, C2H4 and C2H2 were 
formed [270]. Multiple short chained hydrocarbons of the configuration CxHyOz were also detected. 
Others have observed the formation of glycine and other amino acids in nitrogen [216, 271, 272]. At 
355 kHz and 70 W, amino acid formation for nitrogen and separately nitrogen with hydrogen, both in 
aqueous solutions with argon atmosphere, followed the order alanine > ethylglycine > glycine. 
Methane was the exception where for both nitrogen and hydrogen the rate of production followed the 
order glycine > alanine > ethylglycine [216]. These observations demonstrate the effective utilisation 
of ultrasound in the formation of products; by controlling the conditions under which they form it may 
be possible to control production in discrete amounts. 
4.5. Implications of Secondary Parameters 
The use of chemical additives to change aqueous solution properties can be advantageous in 
promoting chemical oxidising reactions, through both chemical and / or physical effects. Solids 
represent a mechanism for catalysis of chemical reactivity and bubble collapse can enhance reactivity 
of oxides via surface melting and erosion. Surfactants can instigate an increase in mass transfer into 
the bubble and, in the correct ratios, have been suggested to reduce coalescence via charge and steric 
properties. With increased surface tension and viscosity, bubbles can be more strongly forced for 
increased disassociation yet it is very difficult to make bubbles oscillate strongly. Increasing the 
viscosity can also provide possible reduction of coalescence due to inhibition of surface drainage. 
Additionally, the formation of radical species inside the bubble may be increased, however the degree 
of fragmentation will be reduced. By controlling the pH of the solution the dynamics of introduced 
species can be controlled. This may have a direct effect on the formation of products, and has been 
suggested to influence coalescence. Electrolytes may also offer some control in regards to molecular 
dynamics and have been shown to directly affect reactant population in regions, surface tension 
gradients and coalescence. However, it should be realised that changes in the chemical composition of 
the liquid can directly influence the effects of several applied parameters and that this could have an 
overall negative impact on the degree of sonochemical activity. 
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Sonication in gas environments can have significant effects on the sonochemistry taking place. Argon 
represents a means of enhancing high temperature reactions, however at certain frequencies it may not 
be as efficient as air in facilitating sonochemical reactions. Oxygen can directly change the reaction 
pathways taking place the disassociated products react dominantly at the surface of the bubble. 
Carbon dioxide can also act to determine recombination pathways as well as potentially reducing 
coalescence via its dissolved surface properties. However these reactions are only useful if they 
deliver the required effect to the individual system’s needs. Furthermore, dissolved gases, such as 
carbon dioxide, previously discussed, have a direct influence on the surface tension of the solution 
influencing the cavitation threshold. An increase in surface tension is known to result in a more 
structurally stable bubble therefore gases that decrease surface tension may be beneficial, although it 
should be considered that a lower surface tension can influence coalescence as it indicates adsorption 
of surface active species. The introduction of parameters that decrease coalescence effects should be 
implemented for low surface tension inducing gases. Also, the frequency dependence of gas 
atmospheres in precipitating certain reaction pathways can be applied to product control. Argon and 
oxygen are particularly susceptible to changes in frequency and there is little to suggest other gases 
would not be affected in a similar manner.  
In terms of structural stability of the bubbles, the presence of extended surfaces (>150 µm) and the 
use of powders in the solution have demonstrated an ability to induce bubble surface instabilities. The 
formation of jets for the former and the inter-particle collisions for the later cause the bubbles to 
become non-spherical and could potentially contribute favourably to bubble fragmentation. Less 
studied are chemical effects, however surfactants proffer a strong mechanism for inducing bubble 
surface instabilities via their intrinsic charge and dimension. The overall effect of increased viscosity 
and surface tension is to result in a more structurally stable bubble, thus it may be inferred that 
lowering their values could instigate surface instabilities. Electrolytes in reducing the gas content of 
the liquid may offer a method of increasing the magnitude of collapse and in doing so promote bubble 
instabilities. Although these two concepts have yet to be directly related in the literature, it is 
suggested that powders, chemicals and gases that induce chemical changes represent a niche in the 
field particularly with regards to bubble structural instability and sonochemical efficiency. 
5. Discussion 
An intrinsic problem of many parameters that increase bubble structural instability is coalescence that, 
at lower frequencies, can potentially lower the number of active bubbles and overall sonochemical 
activity. In this instance, it may be of use to combine parameters with a view to reduce coalescence 
and increasing effects of instability inducing parameters.  
Mid to high pressure amplitudes have been considered to be favourable in achieving bubble structural 
instability due to a higher forcing collapse. Not only this, but the resulting acoustic streaming can 
cause translational motion of the bubble that can facilitate further nonlinearity. However, due to 
agglomeration and an increase in the field strength there may be inherent coalescence that is beyond 
prevention via intrinsic streaming. Similarly, the potential for bubbles to coalesce may be increased 
with bubble size due to an increase in the secondary Bjerknes force. The introduction of external flow 
could remove a favourable number of bubbles from the antinode region such that the remaining 
bubbles experience less coalescence to non-active size. Additionally, flow can be implemented such 
that there is an increase in bubble surface instabilities. Quasi acoustic streaming with increased 
frequency can be implemented in a similar vein to flow, although its rate is determinant upon the 
frequency and power used. This type of streaming can cause bubbles to move to the surface and 
produce sonochemistry in standing waves in that region. In this instance, via travelling waves, 
sonochemical activity has been seen to be significantly increased. Sonochemical activity may be 
  
A Parametric Review of Sonochemistry 
33 
 
achieved in the standing wave pressure antinodes by establishing an effective pressure amplitude-flow 
ratio. 
An alternative method to the use of flow to decrease levels of coalescence is the use of surfactants. By 
choosing a surfactant with the correct charge-size properties, coalescence and bubble surface 
instabilities can be controlled. Dissolved CO2 species can also act as surfactants, dependent on pH due 
to the acid-base equilibria of the carbonates. The products of CO2 dissolution have been suggested to 
reduce coalescence via both electrostatic and steric repulsion. A decrease in surface tension via CO2, 
increase in temperature or introduction of other chemicals, will result in a less structurally stable 
bubble, although it may also lend to an increase in coalescence. However surfactants have limited 
surface effects when the lifetime of the bubble is too short. This could be counteracted using pulsed 
ultrasound with its ability to increase a bubbles active lifetime. That is, POFFT may be applied such 
that there is a reduction in bubble growth beyond inactivity and coalescence. Additionally, the start of 
each pulse is a source of more violent pulsations that could also contribute to bubble surface 
instabilities and potentially increase the degree of fragmentation. 
Bubble instability will also have an effect on the chemistry within the bubble and the bulk solution. 
For surface unstable bubbles there will be increased growth rates and enhanced diffusion into the 
bubble. An increase in fragmentation due to instability can also shorten the amount of time reactants 
spend inside the bubble and reduce reaction pathways. However the increase in fragmentation will 
also increase the dissolution of sonochemical products into the bulk solution. Additionally, where 
chemicals are introduced into the system to control physical aspects in a chemical system, such as 
surfactants, the interactions between those chemicals and the radicals present should be also 
considered.  
An increase in viscosity of the solution via temperature change or by the introduction of viscous fluids 
may be an option to reduce coalescence. However, this may introduce both attenuation of the sound 
field or a change in the chemical reaction scheme (depending on the solvent). Similarly, electrolyte 
solutions have been suggested to reduce film drainage between bubbles due to uneven concentration 
gradients at the bubbles’ surfaces. Adsorption at the surface can also contribute to steric repulsions. 
An associated effect of coalescence is the formation of larger bubbles and clustering that attenuates 
the sound field. In this case a reflective plate and selection of the appropriate liquid height can act to 
reinforce the standing wave. 
Thus, the formation of degas bubbles from coalescence can be controlled while allowing a 
determinable amount of active cavitation to occur at the antinodes that undergo heightened surface 
instabilities. It is suggested that methods of localising bubbles in specific regions whilst subjecting 
them to bubble surface instability inducing parameters is highly beneficial to sonochemical reactions. 
The bubbles, in this instance, can be said to exist in a state of ‘highly localised ordered disorder’.  
6. Conclusions  
A sonochemical system configured through bubble structural instability offers a method to increase or 
control sonochemical activity. Several authors indirectly or directly have supported this idea, although 
it was not the primary focus of their work. Increases in sonochemical efficiency in various ratios of 
mixed gas atmosphere and via changes in the chemical and/or physical environment have been 
reviewed. Through these parameters’ effects, the literature suggests that the sonochemical system may 
be controlled with respect to efficiency and product selectivity. It is proposed that bubble surface 
instabilities represent a mechanism to augment this concept.  
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Sonochemical Activity  
Highlights 
• Review of the parameters that control ultrasonic cavitation and sonochemistry. 
• Primary and secondary parameters are defined and their influence determined. 
• Discussed are changes in chemical and gas environment. 
• Parameters are considered from the viewpoint of bubble structural instability.  
• Bubble instabilities induce fragmentation effecting sonochemical efficiency. 
 
